Abstract-We present a hybrid Raman-Brillouin-Erbium Doped Fiber (EDF) amplification based Fiber Bragg Grating (FBG) sensor system capable of transmitting over long reach Single Mode Fiber (SMF). The performance of output spectra has been optimized and realized by the best effective placement of EDF and Raman pump power. An optimized combination of Raman, Brillouin and Erbium gain brings forth an optical signalto-noise ratio of 16.34 dB in 100 km long distance FBG sensor system
I. INTRODUCTION
The fiber Bragg grating (FBG) sensor systems using a fiber laser scheme have been the focus of a great deal of research [1] - [3] . They are attractive means for monitoring a variety of external perturbations for many advantages pertaining to high sensitivity, electro-magnetic immunity and compactness [1] . It is attractive if the FBG sensor system could support long distance transmission. A variety of novel schemes based on hybrid amplification have been investigated to extend the span length, gain bandwidth and flatness as well [4] - [6] . A FBG sensor system based on Erbium Doped Fiber (EDF) and Raman amplification in 100 km long distance is reported in [7] . Y. T. Cho et al proposed a new sensor system based on distributed Raman amplification combined with a remotely pumped EDF amplifier (EDFA) [8] . This is done to enhance the performance of spontaneous Brillouin-based distributed temperature sensors at nearly 88 km distance. In addition, high sensitivity remote FBG sensor system based on combination Raman, Brillouin and Erbium gain in a fiber laser [4] is reported at 155 km. However, performance optimization of hybrid amplification based on EDF location in FBG sensor system has not been performed yet.
In this paper, to achieve a FBG sensor system with excellent performance, optimization on EDF location and Raman Pump Unit (RPU) power variations have been done. This is done using hybrid gain media namely, Brillouin, Raman and EDF. The results are achieved using VPItransmission maker 9.1.
II. SYSTEM STRUCTURE AND PRINCIPLE OF OPERATION Fig.1 shows the linear cavity of hybrid gain media fiber laser structures for three different locations of EDF. Location A is after 100 km Single Mode Fiber (SMF) and before sensing unit while in location B, SMF is divided into two 50 km part and the EDF is located between those two parts. Finally, for the location C EDF is placed before detection part. In general, the structures consist of 7 km dispersion compensating fiber (DCF) as the non-linear Brillouin-Raman gain medium with random distributed Rayleigh feedback. It has a nonlinear coefficient of 7.3 (Wkm) −1 and the effective area is 20 µm 2 . The tunable laser source (TLS) acts as a Brillouin pump (BP) with maximum power of 3dBm. The pump source is provided by the 1455 nm RPU laser with maximum power of 600 mW. The 1480/1550 nm wavelength division multiplexing (WDM) coupler is used to multiplex the Raman power and BP signal seed. The DCF is primarily pumped by the RPU. In this experiment, the implementation of forward pumping scheme offers better performances. These involve the generation of stronger Stimulated Brillouin Scattering (SBS) effects inside the DCF and also improvements in the noise figure to achieve a higher Optical Signal-to-Noise Ratio (OSNR) [9] . A 7 m long EDF is pumped by residual Raman pump providing gain at C-band region for assisting the channels amplification. The Erbium concentration of EDF is 2.5e 24 1/m 3 and numerical aperture is 0.29. One FBG is used for selection of the lasing lines in the cavity. This element acts as wavelengthdependent mirror for all structures. It is centered at 1552.52nm with reflectivity more than 99%.
The measurement technique works in the following way: when the RPU is injected into the DCF, the BP power is boosted via Raman gain and the first Stokes line will appear when the Raman power is above certain threshold. The first Stokes line will act as the new BP and generate the second Stokes line as the Raman power grows. This cascaded process will continue and a wide Stokes combs appears. Then the generated Stokes lines pass through a SMF with total length of 100 km, 0.2 dB/km attenuation and 80µm 2 core area. The residual Raman power is utilized to provide energy for strengthens the Rayleigh scattering in SMF and reach nearly the same power level as the Brillouin components. In addition, it provides sufficient energy for the amplification in the EDF as well. The generated output spectra are taken from port 3 optical circulator (OC) with 0.001 nm resolution.
III. RESULT AND DISCUSSION
In order to obtain the reflected Brillouin Stokes lines with acceptable OSNR, the optimization of various RPU power and EDF in different locations are carried out. At the beginning of assessment, the effects of different RPU power on the Brillouin Stokes (BS) OSNR are investigated when the BP power is fixed at 3dBm. As shown in Fig. 2 From this figure, it can be inferred that with the increase in RPU power, the OSNR is reduced gradually for all three configurations. This trend is influenced by the rising noise floor at high RPU power that is associated to the spectral broadening phenomenon on each laser line caused by turbulent waves [10] , [11] as elucidated in Fig. 2 . As a result, at 1200 mW RPU power, the BS OSNRs are 6.8, 10.87 and 1.92 dB for the configurations A, B and C respectively, while, the OSNR values are enhanced to 12.21, 16.34 and 3.5 dB for structures when RPU power is changed to 600mW. The minimum value of 600mW is chosen due to its threshold around this value [12] . Thus, these results indicate that the appropriate choice of RPU power provides inadequate Raman gain for cavity modes amplification which can lead to OSNR enhancement.
Furthermore, among all three aforementioned configurations, structure B offers better performance in term of OSNR. This is related to the reduction in signal attenuation since its Stokes lines experiences lower losses over the full length of the fibers.
In order to realize how the Stokes components start lasing, the effect of TLS wavelength on FBG wavelength is explained as follows. When the TLS falls inside one of the FBG reflecting bands the round-trip attenuation for the Stokes lines is reduced and related amplified Stokes components are reflected back by FBG as it is shown in Fig. 3 .
This laser signal wavelength is separated from the tunable laser wavelength by the Brillouin frequency shift in the fiber about 10 GHz. The results are achieved using VPItransmission Maker 9.1, commercial simulation software provided by VPI 
IV. CONCLUSION
In this paper, a hybrid amplification fiber laser with employment of one FBG sensor at the end of the cavity is demonstrated. To achieve Brillouin components with excellent OSNR, optimization on different parameters have been done. These include RPU power variation and EDF location. The results are obtained utilizing VPItransmission Maker 9.1. From the simulation results, by placement of EDF between two 50 km SMF, outstanding OSNRs around 16 dB is achieved when the RPU power is set at lowest value of 600 mW. In conclusion, we believe that this simple structure has potential applications in various areas that cover broad spectral of optical communications and optical sensing.
